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BACKGROUND 

[0002] Para-xylene is a valuable substituted aromatic compound because of its great 
demand for its oxidation to terephthalic acid, a major component in forming polyester 
fibers and resins. It can be commercially produced from hydrotreating of naphtha 
(catalytic reforming), steam cracking of naphtha or gas oil, and toluene 
disproportionation. 

[0003] Alkylation of toluene with methanol, which is also known as toluene 
methylation, has been used in laboratory studies to produce para-xylene. Toluene 
methylation has been known to occur over acidic catalyst, particularly over zeolite or 
zeolite-type catalyst. In particular, ZSM-5-type zeolite, zeolite Beta and 
silicaaluminophosphate (SAPO) catalysts have been used for this process. Generally, a 
thermodynamic equilibrium mixture of ortho (o)-, meta (m)- and para (p)-xylenes can be 
formed from the methylation of toluene, as is illustrated by the reaction below. 




[0004] Thermodynamic equilibrium compositions of o-, m-, and p-xylenes may be 
around 25, 50 and 25 mole%, respectively, at a reaction temperature of about 500 °C. 
Such toluene methylation may occur over a wide range of temperatures, however. 
Byproducts such as C9+ and other aromatic products can be produced by secondary 
alkylation of the xylene product. 

[0005] Para-xylene can be separated from mixed xylenes by a cycle of adsorption and 
isomerization. Such cycle may have to be repeated several times because of the low 
isomeric concentration in the equilibrium mixture. A high purity grade (99+%) p-xylene 
is desirable for its oxidation to terephthalic acid. The production cost for such a high 
purity grade p-xylene can be very high, however. A different method that employs 
crystallization techniques can be used and may be less expensive where the concentration 
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of p-xylene is around 80% or higher in the initial xylene product. Thus, higher than 
equilibrium concentrations of p-xylene may be desirable. 

[0006] A significantly higher amount of p-xylene can be obtained in toluene 
methylation reaction if the catalyst has shape selective properties. Shape selective 
properties can be obtained in modified zeolite catalysts by narrowing zeolite pore 
opening size, inactivation of the external surface of the zeolite or controlling zeolite 
acidity. Toluene methylation may occur over modified ZSM-5 or ZSM-5-type zeolite 
catalyst giving xylene products containing significantly greater amounts of p-xylene than 
the thermodynamic concentration. 

[0007] In Kaeding, et al, Selective Alky lat ion of Toluene with Methanol to Produce 
para-Xylene, Journal of Catalysis, Vol. 67, pp. 159-174 (1981), a procedure of making a 
ZSM-5 catalyst by incorporating 5% phosphorus was described in which the catalyst was 
impregnated with a solution of diphenylphosphinous acid in toluene. The ZSM-5 catalyst 
thus modified showed toluene methylation activity with 84-90% para isomer in the 
xylene product. In another procedure, a catalyst was modified by incorporating 8.51% 
phosphorus from an aqueous phosphoric acid reagent. The catalyst showed p-xylene 
selectivity as high as 97%, however, the catalyst showed a decreasing activity within 
hours due to coke deposition. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] For a more complete understanding of the present invention, reference is now 
made to the following descriptions taken in conjunction with the accompanying figures, 
in which: 

[0009] FIGURE 1 is a plot of toluene conversion and para-xylene selectivity over time 
for the toluene methylation reaction of Example 4; 

[0010] FIGURE 2 is a plot of toluene conversion and para-xylene selectivity over time 
for the toluene methylation reaction of Example 5; 

[0011] FIGURE 3 is a plot of toluene conversion and para-xylene selectivity over time 
for the toluene methylation reaction of Example 6; 

[0012] FIGURE 4 is a plot of toluene conversion and para-xylene selectivity over time 
for the toluene methylation reaction of Example 7; 

[0013] FIGURE 5 is a plot of toluene conversion and para-xylene selectivity over time 
for the toluene methylation reaction of Example 12; and 

[0014] FIGURE 6 shows 27 Al MAS-NMR spectra for fresh AHP treated ZSM-5 and 
spent catalyst removed from reactor used in a toluene methylation reaction described in 
Example 12. 
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DETAILED DESCRIPTION 

[0015] Modification of ZSM-5-type zeolite catalysts with phosphorus-containing 
compounds has been shown to yield significantly greater amounts of p-xylene than the 
thermodynamic equilibrium value in toluene methylation using unmodified catalysts. 
Such modification has been shown to provide selectivity for p-xylenes of greater than 
80%. Although such phosphorus-treated ZSM-5 catalysts may have a high selectivity for 
p-xylene, they tend to deactivate at a very fast rate, for example, the catalyst may lose 
greater than 50% of its initial activity within a day. This may possibly be due to coke 
deposition on the catalyst. 

[0016] As used herein, the expression "ZSM-5-type" is meant to refer to those zeolites 
that are isostructurally the same as ZSM-5 zeolites. Additionally, the expressions 
"ZSM-5" and "ZSM-5-type" may also be used herein interchangeably to encompass one 
another and should not be construed in a limiting sense. As used herein, catalytic activity 
can be expressed as the % moles of toluene converted with respect to the moles of 
toluene fed and can be defined as: 

Mole% Toluene Conversion = (Ti - TJ TO x 100 (2) 

where, Ti is the number of moles of toluene fed and T 0 is the number of moles toluene 
unreacted. As used herein, selectivity for total xylenes may be expressed as: 

Mole% Total Xylene Selectivity = (X tx /T r To) x 100 (3) 

where, X u is the number of moles of total (o-, m- or p-) xylenes in the product. 
As used herein, selectivity for p-xylene may be expressed as: 

Mole% p-Xylene Selectivity = (Xp/X tx ) x 100 (4) 
where, X p is the number of moles of p-xylene. 

[0017] It has been discovered that by introducing water or steam into the reactor as 
cofeed along with the toluene/methanol feed during the alkylation reaction, catalyst 
activity and selectivity can be increased, stabilized or their rate of decrease reduced when 
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using non-steamed, phosphorus-treated ZSM-5-type zeolite catalysts. As used herein, 
"non-steamed," as it refers to the zeolite catalyst, is meant to include zeolite catalyst that 
has not been treated or subjected to high temperature steam (i.e. greater than 950°C) to 
effect structural changes of the catalyst prior to its use in any alkylation or methylation 
reactions. 

[0018] The water or steam used for the methylation reaction may be introduced with or 
without hydrogen as cofeed with the hydrocarbon feed to the reactor during the start up 
of the alkylation reaction or it may be introduced subsequent to initial start up. The 
invention has particular application in toluene methylation reactions using the described 
catalysts that have high selectivity for p-xylene. In particular, selectivity for p-xylene 
may be from about 80%, 85%, 90% or 95% or more by total moles of xylene. Unless 
stated otherwise, all percentages for conversion and selectivity are in mole %. 
[0019] The ZSM-5 zeolite catalysts and their preparation are described in U.S. Patent 
No. 3,702,886, which is herein incorporated by reference. In the present invention, the 
ZSM-5 zeolite catalyst may include those having a silica/alumina molar ratio of from 25 
to 300, more particularly from about 30 to about 280 prior to modification. 
[0020] The ZSM-5 may be modified by treating with phosphorus (P)-containing 
compounds. Such phosphorus-containing compounds may include phosphonic, 
phosphinous, phosphorus and phosphoric acids, salts and esters of such acids and 
phosphorous halides. In particular, phosphoric acid (H3PO4) and ammonium hydrogen 
phosphate ((NHLO2HPO4) may be used as the phosphorus-containing compound to 
provide a catalyst for toluene methylation with shape selective properties to give high p- 
xylene concentration. Such modified catalysts may contain phosphorus in an amount of 
from about 0.01 to about 0.15 g P/g zeolite, more particularly from about 0.02 to about 
0.13 g P/g zeolite. The phosphorus-modified zeolite may be calcined at temperature of 
about 500 to 570 °C. The catalyst may have a BET surface area of 170-200 m 2 /g and 
pore volume in the range of 0.10-0.18 ml/g catalyst. The catalyst may have weak acidity 
showing broad peak(s) with peak maxima between 250 °C and 350 °C, as characterized 
by ammonia temperature programmed desorption (NH3-TPD) technique. 
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[0021] The modified zeolite catalyst may be bound with a binder such as alumina, clay, 
and silica. The bound catalyst may be calcined at a temperature between 450 °C and 570 
°C. These techniques used for preparing the bound catalyst are well known in the art. 
[0022] In carrying out the toluene methylation reaction, start up of the reaction may 
include particular short-term start-up conditions that may then be adjusted thereafter to 
run conditions, which may generally continue for extended periods of time. These start- 
up conditions may include an initial toluene/methanol feed to the reactor containing the 
phosphorus-treated ZSM-5 catalyst to provide an initial liquid hourly space velocity 
(LHSV) of from about 1 hr 1 to about 90 hr" \ more particularly from about 1 to about 70 
hf \ The toluene and methanol feed may be premixed prior to introduction into the 
reactor as a single mixed feed stream. The feed may also contain small quantities of 
water, C9 + aromatics and other compounds. The liquid hourly space velocities 
presented herein, however, are based upon a toluene/methanol feed without the inclusion 
of any other components. The toluene/methanol molar ratio in the feed can range from 
0.5 to 10.0, more particularly 1.0 to 5.0. Additionally, an initial cofeed of hydrogen gas 
(H2) is provided at a hydrogen/hydrocarbon (H2/HC) molar ratio of less than about 10, 
more particularly from about 0.1 to about 8. Unless otherwise noted, all H2/HC ratios 
presented herein are molar ratios. The reactor temperature used herein referred as 
catalyst bed inlet temperature and a reactor temperature between 400 °C and 700 °C is 
provided at start-up. 

[0023] The water that is introduced to facilitate increased catalyst activity and 
selectivity may be introduced during the start-up of the reaction, but it may also be 
introduced after the initial start-up. In either case, liquid water may be added and 
vaporized prior to its mixing with hydrogen cofeed (if any) and hydrocarbon feed. 
[0024] The reactor pressure may remain generally constant during both start-up and 
normal run stages. The reactor pressure may vary but typically ranges from about 10 to 
about 50 psig, more particularly from about 20 to about 50 psig. 

[0025] The reaction may be carried out in a fixed bed, continuous flow-type reactor in a 
down flow mode. Single or multi reactors in series and/or parallel are suitable for 
carrying out the reaction. During start-up, the reactor temperature can be gradually 
increased. Initially, upon introduction of feed into the reactor, the reactor temperature 
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may be about 200 °C or above. The temperature may then be increased to the final 
desired temperature. This temperature may be increased gradually at a rate of from 
about 1 °C/min to about 10 °C/min to provide a final start-up reactor temperature of from 
about 400 °C to about 700 °C. 

[0026] Such start-up conditions may be maintained for a certain period of time after 
which the conditions may be adjusted to "run conditions" for steady toluene conversion 
and selectivity to p-xylene. The use of different start-up conditions is described in the co- 
pending U.S. patent application Serial No. 10/632,254, which is herein incorporated by 
reference. Such adjustments may include the reduction of hydrocarbon feed rate (i.e., 
reduction of LHSV) and an increase of hydrogen rate (i.e., an increase of H2/HC molar 
ratio). The temperature may be maintained at from about 400 °C to about 700 °C during 
run conditions. 

[0027] The water introduced into the reactor may be fed into the reactor at a ratio of 
from about 0.2 to or more, and may be less than about 10 moles water per mole of 
hydrocarbons, more particularly, from about 0.3 to about 5, 6 or 7 moles water per mole 
of hydrocarbons. In certain instances, the water may be fed at a ratio of from about 0.2 to 
1.2 moles water per mole of hydrocarbons, more particularly, from about 0.3 to about 0.8 
mole water per mole of hydrocarbons. The addition of water (or steam) as cofeed may be 
done in combination with or without hydrogen cofeed. As evidenced from examples, the 
advantage of increased activity and selectivity due to steam cofeed can not be substituted 
by adding the same number of moles of hydrogen in the feed. 

[0028] The water is fed into the reactor wherein the conditions are such that 
substantially no structural aluminum loss of the catalyst results due to the presence of 
such additional water within the reactor. 

[0029] The following examples better serve to illustrate the invention. 

EXAMPLES 

[0030] The reactions in the following examples were carried out in a fixed bed, flow- 
type reactor in a downflow mode wherein the toluene and methanol were premixed prior 
to introduction into the reactor. Liquid water was added separately and was vaporized 
prior to its mixing with hydrocarbon feed and hydrogen gas, if any. ZSM-5 zeolite 
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catalysts were treated using either phosphoric acid (Examples 1-11) or ammonium 
hydrogen phosphate (Example 12). The ZSM-5 zeolite catalyst initially utilized a NH4- 
ZSM-5 zeolite powder having a silica/alumina (Si0 2 /Al 2 03) mole ratio of about 280 prior 
to phosphorus treatment. This was then calcined to form H-ZSM-5 zeolite. The ZSM-5 
zeolite catalyst so modified was not subjected to any further modification such as 
steaming or dealumination. 

[0031] Preparation of the ZSM-5 zeolite catalysts utilizing phosphoric acid was carried 
out by combining approximately 50 g of the NH4-ZSM-5 zeolite powder and 100-150 ml 
of deionized water in a 400 ml beaker. This was then placed on a hot plate and the 
zeolite suspension was stirred using a magnetic stir bar. The suspension was maintained 
at a temperature of approximately 100 °C. Phosphoric acid (15.8 g at 85% by weight in 
water) was then added dropwise to the beaker. Heating was continued until the water 
was completely evaporated. The modified zeolite was dried at about 110 °C in a muffle 
furnace for at least 4 hours. The modified zeolite was then calcined at 510 or 530 °C in 
air. The calcined zeolite was then crushed and sieved to 20/40 mesh. The final catalyst 
thus synthesized possessed the following properties: BET surface area about 190 m 2 /g, 
pore volume about 0.139 ml/g, average pore diameter about 29 A. 
[0032] In Example 3, the phosphoric acid treated ZSM-5 zeolite catalyst utilized was 
bound with alumina. About 5.6 g alumina (boehmite crystals, also referred as 
pseudoboehmite) was peptized by vigorously mixing with about 2.0 g of nitric acid (70% 
in aqueous). About 22.4 g of modified ZSM-5 zeolite powder (described in preceding 
paragraph) was then mixed with the peptized alumina and made into a dough by mixing 
and spraying water. The dough was made into small pieces and was then calcined at a 
programmable temperature profile with a maximum temperature of 530 °C for at least for 
6 h. The calcined catalyst was sized between 20 and 40 mesh. 

[0033] For the ammonium hydrogen phosphate (AHP) treated ZSM-5 zeolite catalyst 
(Example 12), a slurry of the ammonium ion-exchanged ZSM-5 zeolite in deionized 
water was prepared. The slurry was then heated to about 80 °C and to this was added the 
AHP (0.24 g AHP/g of ZSM-5 powder). The mixture was then heated to approximately 
100 °C in order to evaporate substantially all water. The resulting zeolite was then dried 
in an oven overnight at a temperature at about 90 to 120 °C. The dried zeolite was then 
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calcined in air at a temperature of about 530 °C. No binder was used to form the catalyst. 
The modified ZSM-5 was sized to form a 20-40 mesh. The final catalyst thus 
synthesized possessed the following properties: BET surface area about 190 m 2 /g, pore 
volume about 0.139 ml/g, average pore diameter about 29 A. 

[0034] In Examples 1-12, the reactor consisted of a stainless steel tube having an OD of 
approximately Vi-inch. A catalyst charge, ranging from 0.5 ml to 6.0 ml, was placed 
within the tubular reactor at about its midpoint. Layers of inert material such as silicon 
carbide, SiC, were added to both ends of the catalyst bed. The feed was made by mixing 
toluene and methanol at a desired ratio. The feed was then pumped at a predetermined 
rate. Hydrogen gas was added to the feed at a predetermined rate to maintain a selected 
H 2 /HC ratio. Liquid water was added at a predetermined rate and was vaporized prior to 
its mixing with hydrocarbon feed, and hydrogen gas (if any). 

[0035] After more than 500 hours of use in the toluene methylation reaction using 
steam as cofeed (as described in Examples 4 and 12), the spent catalyst was removed 
from the reactor and the catalyst was decoked by burning coke in air at 510 °C. The 
catalyst was then analyzed by magic angle spinning (MAS) solid state NMR 
spectroscopy for 27 Al. As shown at the end of Example 12, the 27 Al NMR spectroscopic 
study suggests that no structural aluminum loss from the modified ZSM-5 zeolite 
occurred during the toluene methylation reaction in presence of steam cofeed. 

Example 1 

[0036] A catalyst charge of 3.0 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H 2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained at about 20 psig. In this example, the start-up and run conditions were 
maintained the same. Toluene/methanol feed at a 2:1 mole ratio was introduced at a rate 
of about 3.09 ml/min giving a LHSV of about 62 hr' 1 . The cofeed H 2 was used at a rate 
to give a H 2 /HC mole ratio of about 0.1. Water was introduced with the feed at about 
0.65 mole H 2 0/mole HC feed. The run conditions and results are presented in Tables 1 A 
and IB below. 
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Table 1A 



Run Conditions 


Catalyst 


Phosphoric Acid Treated ZSM-5, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV62,H2/HC=0.1,T 450 °C 


Normal run 


Same as start-up 


Water in feed 


Started same time of HC feed 



Table IB 



Time on Stream, hour 


2.2 


3.2 


4.2 


Cat Bed Inlet Temp, °C 


450 


448 


453 


Inlet Pressure, psig 


24 


26 


26 


LHSV a 


62 


62 


62 


H2, mole/mole HC Feed 


0.11 


0.11 


0.11 


H20, mole/mole HC Feed 


0.65 


0.65 


0.65 


Product Distribution, wt% 








C5- 


1.01 


1.81 


1.91 


Dimethylether 


0 


0 


0 


Methanol 


7.21 


4.28 


5.45 


Benzene 


0 


0 


0 


Toluene 


84.60 


83.30 


81.32 


EthylBenzene 


0 


0 


0 


Para-Xylene (PX) 


5.55 


8.80 


9.66 


Meta-Xylene (MX) 


0.54 


0.57 


0.58 


Ortho-Xylene (OX) 


0.48 


0.47 


0.47 


EthylToluene 


0.19 


0.26 


0.26 


TrimethylBenzene 


0.32 


0.33 


0.34 


C10+ 


0.09 


0.18 


0 


Toluene Con v., mole% 


6.79 


9.87 


10.72 


%PX in Total Xylenes 


84.47 


89.43 


90.20 



a Based on toluene and methanol feed. 



[0037] As can be seen from the data above, the catalyst showed approximately 10% 
toluene conversion and about 90% selectivity for p-xylene at relatively high LHSV and at 
a temperature of approximately 450 °C. 

Example 2 

[0038] A catalyst charge of 3.0 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained about 20 psig. The toluene/methanol premixed feed with a 2:1 mole ratio 
was introduced at a rate of 1.53 ml/min giving an LHSV of about 31 hf\ The cofeed H 2 
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was used at a rate of 0.11 mole H 2 /mole of HC feed. Water was introduced with the 
hydrocarbon feed at start-up and maintained at 0.66 mole H 2 0/mole HC feed. The run 
conditions and results are presented in Tables 2A and 2B below. 



Table 2A 



Run Conditions 


Catalyst 


Phosphoric Acid Treated ZSM-5, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV 31, H2/HC 0.11, T = 500 °C 


Run 


LHSV 31, H2/HC 0.11, T = 500 °C 


Water in feed 


Started at same time of feed 



Table 2B 



Time on Stream, hour 


1.5 


2.5 


3.5 


Cat Bed Inlet Temp, °C 


510 


503 


508 


Inlet Pressure, psig 


20 


20 


20 


LHSV a 


30.6 


30.6 


30.6 


H2, mole/mole HC Feed 


011 


0.11 


0.11 


H20, mole/mole HC Feed 


0.66 


0.66 


0.66 


Product Distribution, wt% 








C5- 


2.37 


2.30 


2.29 


Dimethylether 


0.93 


0.41 


0.25 


Methanol 


3.18 


3.07 


3.03 


Benzene 


0 


0 


0 


Toluene 


72.87 


73.45 


73.55 


EthylBenzene 


0 


0 


0 


Para-Xylene (PX) 


18.07 


18.10 


18.17 


Meta-Xylene (MX) 


0.90 


0.90 


0.91 


Ortho-Xylene (OX) 


0.58 


0.57 


0.58 


EthylToluene 


0.38 


0.39 


0.38 


TrimethylBenzene 


0.56 


0.54 


0.54 


C10+ 


0.16 


0.28 


0.30 


Toluene Conv., mole% 


19.63 


19.58 


19.64 


%PX in Total Xylenes 


92.43 


92.49 


92.42 



a Based on toluene and methanol feed. 



[0039] As can be seen from the data above, the catalyst showed approximately a 20% 
toluene conversion and a greater than 90% selectivity for p-xylene while running at 
relatively high LHSV and at a temperature of approximately 500 °C. 

Example 3 

[0040] A bound catalyst charge of 0.90 ml was loaded in the reactor, with 80% as 
active catalyst. The catalyst was dried at 200 °C under H 2 flow for at least 1 hour prior to 
feed introduction. The reactor pressure was maintained about 20 psig. The 
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toluene/methanol premixed feed with a 2:1 mole ratio was introduced at a rate of 0.39 
ml/min giving an LHSV of about 26 hr" 1 . The cofeed H 2 was used at a rate of 0.1 1 mole 
H2/mole of HC feed. Water was introduced with the hydrocarbon feed at start-up and 
maintained at 0.82 mole H 2 0/mole HC feed. The run conditions and results are presented 
in Tables 3A and 3B below. 



Table 3A 



Run Conditions 

Catalyst Phosphoric Acid Treated ZSM-5, Alumina Bound 

Feed 2:1 ratio 

Start-up LHSV 26, H2/HC 0. 1 1 , T = 500 °C 

Run LHSV 26, H2/HC 0. 1 1 , T = 500 °C 

Water in feed Started at same time of feed 



Table 3B 



Time on Stream, hour 


1.6 


2.6 


4.1 


Cat Bed Inlet Temp, °C 


501 


497 


505 


Inlet Pressure, psig 


21 


19 


22 


LHSV a 


26.1 


26.1 


26.1 


H2, mole/mole HC Feed 


0.11 


0.11 


0.11 


H20, mole/mole HC Feed 


0.82 


0.82 


0.82 


Product Distribution, wt% 








C5- 


2.35 


2.20 


2.32 


Dimethylether 


1.94 


2.21 


2.47 


Methanol 


13.44 


9.20 


8.28 


Benzene 


0 


0 


0 


Toluene 


75.59 


79.48 


80.17 


Ethyl Benzene 


0 


0 


0 


Para-Xylene (PX) 


5.63 


5.57 


5.47 


Meta-Xylene (MX) 


0.24 


0.29 


0.29 


Ortho-Xylene (OX) 


0.17 


0.24 


0.24 


EthylToluene 


0.20 


0.24 


0.21 


TrimethylBenzene 


0.16 


0.22 


0.20 


C10+ 


0.28 


0.35 


0.35 


Toluene Conv., mole% 


7.03 


6.90 


6.70 


%PX in Total Xylenes 


93.21 


91.31 


91.17 



a Based on toluene and methanol feed. 



[0041] The alumina bound ZSM-5 catalyst showed approximately 7% toluene 
conversion and greater than 90% selectivity for p-xylene while running at relatively high 
LHSV and at a temperature of approximately 500 °C. 
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Example 4 

[0042] A catalyst charge of 5.4 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H 2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained about 20 psig. Different start-up and run conditions were used in this 
example. At start-up, the toluene/methanol premixed feed with a 2:1 mole ratio was 
introduced at a rate of about 3.1 ml/min giving an initial LHSV of about 34 hr 1 . The 
initial cofeed H 2 was used at a rate to give a H 2 /HC mole ratio of about 0.10. After 
approximately 1.8 hours, run conditions were started wherein the toluene/methanol feed 
was adjusted to provide a LHSV of about 2 hr" 1 with a H 2 /HC mole ratio of about 7-8. 
After the initial period, the hydrocarbon feed rate and cofeed H 2 were maintained 
generally constant. Water was introduced approximately 23 hours after start-up and its 
rates were varied (see Table 4B). The run conditions and results are presented in Tables 
4A and 4B below and in Figure 1. 



Table 4A 



Run Conditions 


Catalyst 


Phosphoric Acid Treated, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV 34, H2/HC =0.1, T 500 °C 


Run 


LHSV 2, H2/HC 7-8, T = 500 °C 


Water in feed 


Started after 23 h , varied during the 




run 
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Table 4B 



Timp nn Strp am hnnr 


1 8 

1 .o 


27.3 


123.3 


171.3 


291.3 


380.8 


507.3 


549.8 


668.8 


699.8 


819.3 


fat RpH lnl*»t Tpmn °C K 

v^di Dcu inici icrnp, 


jUj 


«aa 

JUU 




SOI 


S09 


SOI 


S09 


SOI 


SOI 


SOd 


S04. 


In lot" DrOCcnro noin 

iniei r ressure, psig 




77 


zu 


90 
zu 


91 


91 


91 


99 


99 


91 


99 
zz 


LuO V 


1/1 A 




9 n 


9 1 

Z. 1 


1 0 


9 0 

Z.V/ 


9 1 


9 0 


9 0 


9 9 


9 9 
z.z 


riL, muic/ uiuic nv_ recti 


n in 
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Para-Xylene (PX) 


11.29 


11.21 


17.38 


16.60 


17.99 


12.44 


10.47 


13.56 


14.36 


14.49 


14.44 


Meta-Xylene (MX) 


1.01 


L23 


1.26 


1.14 


1.28 


1.25 


1.15 


1.23 


1.22 


1.19 


1.03 


Ortho-Xylene (OX) 


0.79 


1.10 


1.00 


0.90 


0.96 


1.11 


1.06 


1.05 


1.03 


0.97 


0.84 


EthylToluene 


0.35 


0.21 


0.27 


0.24 


0.28 


0.21 


0.17 


0.21 


0.22 


0.22 


0.20 


Trimethy 1 Benzene 


0.78 


1.20 


1.13 


1.01 


1.11 


1.11 


1.02 


1.06 


1.11 


1.04 


0.89 


C10+ 


1.46 


0.26 


0.15 


0.13 


0.15 


0.18 


0.17 


0.16 


0.15 


0.15 


0.12 


Toluene Conv., mole% 


14.33 


14.64 


19.99 


19.20 


20.49 


15.53 


13.61 


16.55 


17.26 


17.28 


17.00 


%PX in Total Xylenes 


86.25 


82.79 


88.49 


89.06 


88.93 


84.05 


82.57 


85.61 


86.45 


87.03 


88.53 



a Based on toluene and methanol feed. 



[0043] At start-up with no water feed, the initial toluene conversion and p-xylene 
selectivity were about 15% and 86%, respectively. As the LHSV and H2/HC ratio were 
changed to run conditions, the p-xylene selectivity gradually decreased. Referring to 
Figure 1, the amount of water added as cofeed varied in segments labeled A-E wherein: 
A = no water 

B = about 0.8 mole H 2 0/mole HC feed 
C = about 0.25 mole H 2 0/mole HC feed 
D = about 0.8 mole H 2 0/mole HC feed 
E = about 1.1 mole H 2 0/mole HC feed 

When water was added at about 0.8 to 0.9 mole H 2 0/mole of HC feed, the p-xylene 
selectivity increased dramatically. When the amount of water was reduced, to about 0.25 
mole H 2 0/mole of HC feed, the p-xylene selectivity decreased slightly, but increased 
when adjusted back to about 0.7 to 0.8 mole H 2 0/mole HC feed. 



Example 5 

[0044] A catalyst charge of 4.1 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H 2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained at about 20 psig. Different start-up and run conditions were used in this 
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example. At start-up, the toluene/methanol feed with a 2:1 molar ratio was introduced at a 
rate of about 2.74 ml/min giving an initial LHSV of about 40 hf \ The initial cofeed H 2 
was used at a rate to give a H2/HC mole ratio of about 0.1. After approximately 2.5 
hours, run conditions were started wherein the toluene/methanol feed was adjusted to 
provide a LHSV of about 2 hr 1 with a H 2 /HC mole ratio of about 7-8. Water was 
introduced approximately 2.5 hour after start-up and maintained at 0.6-0.7 mole 
H20/mole HC feed. The run conditions and results are presented in Tables 5A and 5B 
below and in Figure 2. 



Table 5A 



Run Conditions 


Catalyst 


Phosphoric Acid Treated ZSM-5, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV 40, H2/HC =0.1, T 500 °C 


Run 


LHSV 2, H2/HC 7-8, T = 500 °C 


Water in feed 


Started after 1 hour at 500 °C 



Table 5B 



Time on Stream, hour 


2.5 


20.2 


26.2 


68.2 


146.2 


164.2 


188.2 


Cat Bed Inlet Temp, °C 


503 


506 


503 


502 


500 


500 


502 


Inlet Pressure, psig 


24 


19 


22 


21 


21 


20 


21 


LHSV a 


40.2 


2.1 


2.0 


2.1 


2.0 


2.0 


2.1 


H2, mole/mole HC Feed 


0.09 


7.55 


7.89 


7.72 


8.08 


7.71 


7.70 


H20, mole/mole HC Feed 


0 


0.64 


0.67 


0.65 


0.69 


0.66 


0.65 


Product Distribution, wt% 
















C5- 


1.09 


2.75 


2.80 


1.82 


1.59 


1.17 


2.33 


Dimethylether 


0.42 


0.76 


1.03 


0.56 


0.31 


0.46 


0.62 


Methanol 


2.91 


4.53 


4.39 


4.65 


4.25 


5.49 


5.13 


Benzene 


0 


0 


0 


0 


0 


0 


0 


Toluene 


73.21 


70.93 


70.00 


69.95 


71.01 


70.64 


70.10 


EthylBenzene 


0.07 


0 


0 


0 


0 


0 


0 


Para-Xylene (PX) 


18.83 


17.28 


18.21 


19.27 


19.06 


18.54 


18.26 


Meta-Xylene (MX) 


1.23 


1.28 


1.26 


1.31 


1.31 


1.27 


1.24 


Ortho-Xylene (OX) 


0.79 


0.94 


0.87 


0.91 


0.92 


0.92 


0.87 


EthylToluene 


0.40 


0.26 


0.26 


0.28 


0.28 


0.27 


0.26 


TrimethylBenzene 


0.94 


1.13 


1.05 


1.11 


1.13 


1.10 


1.06 


C10+ 


0.11 


0.15 


0.13 


0.13 


0.14 


0.13 


0.13 


Toluene Conv., mole% 


20.83 


20.32 


21.13 


22.07 


21.69 


21.31 


21.14 


%PX in Total Xylenes 


90.30 


88.64 


89.57 


89.65 


89.49 


89.42 


89.62 



a Based on toluene and methanol feed. 



[0045] At start-up with no water feed, the initial toluene conversion and p-xylene 
selectivity were about 21% and 90%, respectively. Referring to Figure 2, when water 
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was added at 0.6-0.7 mole H 2 0/mole HC feed, toluene conversion and p-xylene 
selectivity remained relatively stable, even after switching to run conditions. 

Example 6 

[0046] A catalyst charge of 5.4 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained at about 20 psig. Different start-up and run conditions were used in this 
example. At start-up, the toluene/methanol feed at a 2:1 mole ratio was introduced at a 
rate of about 3.08 ml/min giving an initial LHSV of about 34 hr' 1 . The initial cofeed H2 
was used at a rate to give a H2/HC mole ratio of about 0.1. After approximately 2 hours, 
run conditions were started wherein the toluene/methanol feed was adjusted to provide a 
LHSV of about 2 hr' 1 with a H 2 /HC mole ratio of about 7-8. Water was introduced 
approximately 124 hours after start-up and maintained at about 0.75 mole H 2 0/mole HC 
feed. The run conditions and results are presented in Tables 6A and 6B below and in 
Figure 3. 



Table 6A 



Run Conditions 


Catalyst 


Phosphoric Acid Treated ZSM-5, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV 34, H2/HC =0.1, T 500 °C 


Run 


LHSV 2, H2/HC 7-8, T = 500-605 °C 


Water in feed 


Started after 124 hour at 500 °C 
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Table 6B 



Time on Stream, hour 


2.3 


4.3 


99.8 


123.8 


141.3 


165.8 


189.3 


195.8 


Cat Bed Inlet Temp, °C 


500 


502 


500 


501 


500 


501 


543 


605 


Inlet Pressure, psig 


22 


21 


21 


22 


20 


22 


24 


21 


LHSV a 


34.3 


2.0 


2.1 


2.1 


2.0 


2.0 


2.1 


2.1 


H2, mole/mole HC Feed 


0.11 


7.94 


7.66 


7.91 


7.92 


7.92 


7.79 


7.74 


H20, mole/mole HC Feed 


0 


0 


0 


0 


0.75 


0.75 


0.74 


0.73 


Product Distribution, wt% 


















C5- 


2.14 


1.30 


0.90 


1.54 


1.73 


1.79 


1.43 


1.38 


Dimethylether 


0.27 


1.81 


1.96 


1.11 


1.16 


1.01 


0.67 


0.76 


Methanol 


1.93 


4.96 


4.83 


3.02 


5.22 


4.29 


3.83 


2.87 


Benzene 


0 


0 


0 


0 


0 


0 


0 


0 


Toluene 


72.63 


72.64 


77.02 


79.69 


73.16 


72.90 


70.88 


72.75 


EthylBenzene 


0.07 


0 


0 


0 


0 


0 


0 


0 


Para-Xylene (PX) 


17.60 


14.57 


9.37 


8.94 


13.21 


14.28 


17.05 


16.97 


Meta-Xylene (MX) 


2.05 


1.74 


2.06 


2.00 


1.98 


2.08 


2.31 


2.17 


Ortho-Xylene (OX) 


1.43 


1.34 


2.03 


1.93 


1.75 


1.79 


1.80 


1.51 


EthylToluene 


0.34 


0.25 


0.11 


0.11 


0.16 


0.18 


0.13 


0.08 


TrimethylBenzene 


1.36 


1.24 


1.47 


1.42 


1.42 


1.47 


1.71 


1.34 


C10+ 


0.18 


0.17 


0.26 


0.24 


0.21 


0.21 


0.18 


0.10 


Toluene Conv., mole% 


21.40 


18.57 


14.50 


13.56 


17.99 


19.05 


21.92 


20.84 


%PX in Total Xylenes 


83.52 


82.57 


79.91 


69.47 


77.98 


78.68 


80.54 


82.15 



a Based on toluene and methanol feed. 



[0047] Referring to Figure 3, as can be seen, conversion and p-xylene selectivity 
gradually decreased until water was added after 124 hours at about 0.75 mole H 2 0/mole 
HC feed. Thereafter, toluene conversion and p-xylene selectivity continued to increase 
over time until the run was terminated. 

Example 7 

[0048] A catalyst charge of 5.4 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H 2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained at about 20 psig. The toluene/methanol premixed feed with a 2:1 mole 
ratio. Different start-up and run conditions were used in this example. At start-up, the 
toluene/methanol feed at a 2:1 mole ratio was introduced at a rate of about 2.96 ml/min 
giving an initial LHSV of about 33 hr *. The initial cofeed H 2 was used at a rate to give a 
H 2 /HC mole ratio of about 0.1. After approximately 2.5 hours, run conditions were 
started wherein the toluene/methanol feed was adjusted to provide a LHSV of about 2 hf 1 
with a H 2 /HC mole ratio of about 7-8. Water was introduced approximately 2.5 hour 
after start-up and maintained at about 0.75 mole H 2 0/mole HC feed. The reactor 
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temperature was adjusted from about 500 to about 530 °C after about 195 hours. The run 
conditions and results are presented in Tables 7A and 7B below and in Figure 4. 

Table 7A 



Run Conditions 



Catalyst 


Phosphoric Acid Treated ZSM-5, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV33,H2/HC=0.1,T 500 °C 


Run 


LHSV 2, H2/HC 7-8, T = 500 °C (0-195 h), T 




= 525 °C (195-338 h) 


Water in feed 


Started after 1 hour at 500 °C 



Table 7B 



Time on Stream, hour 


2.5 


20.2 


43.7 


74.2 


170.2 


212.2 


236.2 


314.2 


331.7 


Cat Bed Inlet Temp, °C 


503 


506 


500 


499 


502 


530 


525 


527 


526 


Inlet Pressure, psig 


23 


19 


21 


22 


22 


22 


23 


23 


22 


LHSV a 


32.9 


2.1 


2.0 


2.0 


2.0 


2.0 


2.0 


2.0 


2.0 


H2, mole/mole HC Feed 


0.11 


7.57 


7.85 


7.90 


7.90 


7.75 


7.70 


7.93 


7.73 


H20, mole/mole HC Feed 


0 


0.73 


0.76 


0.76 


0.78 


0.75 


0.76 


0.77 


0.75 


Product Distribution, wt% 


















1.43 


C5- 


0.97 


1.73 


1.81 


1.66 


2.79 


1.77 


1.30 


1.08 


Dimethylether 


0.16 


0.59 


0.50 


0.39 


0.98 


0.48 


0.47 


0.22 


0.29 


Methanol 


2.75 


5.39 


5.03 


4.47 


4.86 


4.44 


4.51 


3.94 


4.58 


Benzene 


0 


0 


0 


0 


0 


0 


0 


0 


0 


Toluene 


76.11 


71.29 


70.25 


69.88 


69.39 


72.89 


68.63 


68.29 


68.67 


EthylBenzene 


0 


0 


0 


0 


0 


0 


0 


0 


0 


Para-Xylene (PX) 


15.44 


16.20 


17.45 


18.33 


16.94 


16.24 


19.82 


20.87 


19.84 


Meta-Xylene (MX) 


1.64 


1.67 


1.79 


1.87 


1.74 


1.55 


1.98 


2.10 


1.94 


Ortho-Xylene (OX) 


1.24 


1.37 


1.39 


1.47 


1.44 


1.13 


1.40 


1.48 


1.39 


EthylToluene 


0.32 


0.21 


0.23 


0.25 


0.23 


0.13 


0.20 


0.22 


0.20 


TrimethylBenzene 


1.18 


1.35 


1.37 


1.48 


1.44 


1.21 


1.52 


1.62 


1.49 


C10+ 


0.18 


0.19 


0.18 


0.19 


0.19 


0.13 


0.17 


0.18 


0.16 


Toluene Conv., mole% 


18.41 


20.19 


21.51 


22.48 


21.38 


19.41 


23.92 


24.99 


23.87 


%PX in Total Xylenes 


84.26 


84.16 


84.56 


84.60 


84.19 


85.84 


85.43 


85.39 


85.62 



a Based on toluene and methanol feed. 



[0049] Referring to Figure 4, after water was added 2.5 hours after start-up, toluene 
conversion and p-xylene selectivity remained steady throughout the run. In segments 
labeled A and B of Figure 4, the catalyst bed inlet temperatures were maintained at about 
500 °C and 525 °C, respectively. 

Example 8 

[0050] A catalyst charge of 5.4 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H 2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
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was maintained about 20 psig. The toluene/methanol premixed feed with a 2:1 mole ratio 
was introduced at a rate of 0.46 ml/min giving an LHSV of about 5 hf \ The cofeed H 2 
was used at a rate of 0.22 mole H 2 /mole of HC feed. Water was introduced with the 
hydrocarbon feed at start-up and maintained at 5.45 mole H 2 0/mole HC feed. The run 
conditions and results are presented in Tables 8A and 8B below. 

Table 8A 



Run Conditions 

Catalyst Phosphoric Acid Treated ZSM-5, Non-Bound 

Feed 2:1 ratio 

Start-up LHSV 5, H2/HC 0.22, T = 550 °C 
Run LHSV 5, H2/HC 0.22, T = 550 °C 
Water in feed Started at same time of feed 



Table 8B 



Time on Stream, hour ^6 20.6 

Cat Bed Inlet Temp, °C 551 552 
Inlet Pressure, psig 23 22 

LHSV 8 5.1 5.1 

H2, mole/mole HC Feed 0.22 0.22 

H20, mole/mole HC Feed 5.45 5.45 

Product Distribution, wt% 

C5- 1.44 0.97 

Dimethylether 1.42 0.81 

Methanol 5.69 5.78 
Benzene 0 0 

Toluene 75.11 74.49 
EthylBenzene 0 0 

Para-Xylene (PX) 14.00 15.42 

Meta-Xylene (MX) 1.07 1.18 

Ortho-Xylene (OX) 0.68 0.75 
EthylToluene 0 0 

TrimethylBenzene 0.59 0.60 
C10+ 0 0 

Toluene Conv., mole% 15.83 17.24 

%PX in Total Xylenes 88.85 88.86 

a Based on toluene and methanol feed. 



[0051] As can be seen from the data above, the catalyst showed approximately a 16% 
toluene conversion and about 90% selectivity for p-xylene while running at LHSV of 
about 5 and at a temperature of approximately 550 °C. 
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Comparative Example 9 

[0052] A catalyst charge of 3.0 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained at about 20 psig. In this example, start-up and run conditions were 
maintained the same and no water was added to feed. Toluene/methanol feed at a 2:1 
mole ratio was introduced at a rate of about 1.55 ml/min giving a LHSV of about 31 hr" 1 . 
The cofeed H 2 was used at a rate to give a H2/HC mole ratio of about 0.75. The run 
conditions and results are presented in Tables 9A and 9B below. 



Table 9A 



Run Conditions 


Catalyst 


Phosphoric Acid Treated ZSM-5, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV 31, H2/HC =0.75, T 500 °C 


Normal run 


Same as start-up 


Water in feed 


None 



Table 9B 



Time on Stream, hour 


2.0 


3.0 


4.0 


22.0 


28.5 


Cat Bed Inlet Temp, °C 


502 


503 


500 


499 


498 


Inlet Pressure, psig 


21 


22 


22 


22 


23 


LHSV a 


31 


31 


31 


31 


31 


H2, mole/mole HC Feed 


0.75 


0.75 


0.75 


0.76 


0.75 


H20, mole/mole HC Feed 


0 


0 


0 


0 


0 


Product Distribution, wt% 












C5- 


2.02 


1.76 


1.58 


0.71 


0.68 


Dimethylether 


1.49 


1.74 


1.79 


1.49 


2.24 


Methanol 


3.42 


3.33 


3.58 


5.79 


5.57 


Benzene 


0 


0 


0 


0 


0 


Toluene 


84.34 


80.99 


81.75 


85.80 


85.08 


Ethyl Benzene 


0 


0 


0 


0 


0 


Para-Xylene (PX) 


6.38 


9.11 


8.26 


3.83 


4.00 


Meta-Xylene (MX) 


0.81 


1.09 


1.08 


0.85 


0.87 


Ortho-Xylene (OX) 


0.73 


0.92 


0.94 


0.80 


0.82 


EthylToluene 


0.21 


0.26 


0.24 


0.10 


0.10 


TrimethylBenzene 


0.62 


0.79 


0.77 


0.53 


0.53 


C10+ 


0 


0 


0 


0.11 


0.11 


Toluene Conv., mole% 


8.17 


11.44 


10.61 


5.83 


6.07 


%PX in Total Xylenes 


80.56 


81.92 


80.35 


80.97 


70.30 



"Based on toluene and methanol feed. 
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[0053] As can be seen from the data above, the catalyst showed approximately 10% 
toluene conversion and greater than 80% selectivity for p-xylene during the first few 
hours but both toluene conversion and p-xylene selectivity declined after about 25 hours. 

Example 10 

[0054] A catalyst charge of 3.0 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H 2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained at about 20 psig. In this example, the start-up and run conditions were 
maintained the same. Toluene/methanol feed at a 2:1 mole ratio was introduced at a rate 
of about 1.54 mVmin giving a LHSV of about 31 hr The cofeed H 2 was used at a rate 
to give a H 2 /HC mole ratio of about 0.1. Water was introduced with the feed at about 
0.65 mole H 2 0/mole HC feed. In this example, combined H 2 and H 2 0 rates were 
adjusted to give about 0.75 mole of total combined H 2 and H 2 0 per mole of HC feed. 
This 0.75 mole cofeed/feed molar ratio was used in the preceding comparative example. 
The run conditions and results are presented in Tables 10A and 10B below. 



Table 10A 



Run Conditions 



Catalyst 
Feed 
Start-up 
Normal run 
Water in feed 



Phosphoric Acid Treated ZSM-5, Non-Bound 
2:1 ratio 

LHSV 31, H2/HC =0.1, T 500 °C 
Same as start-up 

Started same time of HC feed 
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Table 10B 



Time on Stream, hour 


2.2 


3.0 


4.0 


21.0 


27.5 


45.5 


51.5 


Cat Bed Inlet Temp, °C 


501 


501 


502 


503 


502 


507 


502 


Inlet Pressure, psig 


22 


21 


22 


19 


22 


22 


22 


LHSV a 


31 


31 


31 


31 


31 


31 


31 


H2, mole/mole HC Feed 


0.11 


0.11 


0.11 


0.11 


0.11 


0.11 


0.11 


H20, mole/mole HC Feed 


0.65 


0.65 


0.65 


0.65 


0.64 


0.66 


0.66 


Product Distribution, wt% 
















C5- 


3.06 


2.89 


3.02 


1.80 


1.57 


1.13 


1.49 


Dimethylether 


0.38 


0.17 


0.18 


0.16 


0.18 


0.18 


0.27 




7 0^ 


i no 


1 4.^ 


^ 11 

j. i j 


jj.KJO 


1 84 




Benzene 


0 


0 


0 


0 


0 


0 


0 


Toluene 


66.27 


71.33 


70.99 


73.19 


73.53 


76.31 


75.91 


EthylBenzene 


0 


0.07 


0 


0 


0 


0 


0 


Para-Xylene (PX) 


19.77 


21.57 


21.55 


19.06 


19.84 


17.96 


17.17 


Meta-Xylene (MX) 


0.97 


1.10 


1.11 


1.03 


1.08 


0.98 


0.94 


Ortho-Xylene (OX) 


0.57 


0.60 


0.61 


0.61 


0.64 


0.62 


0.60 


EthylToluene 


0.36 


0.41 


0.41 


0.36 


0.39 


0.36 


0.36 


TrimethylBenzene 


0.69 


0.77 


0.69 


0.65 


0.67 


0.62 


0.59 


C10+ 


0 


0 


0 


0 


0 


0 


0.08 


Toluene Conv., mole% 


22.55 


22.88 


22.87 


20.39 


20.99 


18.85 


18.32 


%PX in Total Xylenes 


92.77 


92.69 


92.61 


92.08 


92.02 


91.82 


91.77 



a Based on toluene and methanol feed. 



[0055] As can be seen from the data above, the catalyst showed approximately 20% 
toluene conversion and a greater than 90% selectivity for p-xylene at relatively high 
LHSV and at a temperature of approximately 500 °C. If these results are compared with 
the results from the comparative Example 9, it is clear that the use of steam in 
combination of H2 was shown to be advantageous over the use of only H2 as cofeed. 

Example 11 

[0056] A catalyst charge of 3.0 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H 2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained at about 20 psig. In this example, the start-up and run conditions were 
maintained the same. Toluene/methanol feed at a 2:1 mole ratio was introduced at a rate 
of about 1.71 ml/min giving a LHSV of about 34 hf 1 . No cofeed H2 was used in this 
example. Water was introduced with the feed at about 0.75 mole I^O/mole HC feed. In 
the preceding example, the combined H 2 and H 2 0 cofeed/feed molar ratio was around 
0.75. The run conditions and results are presented in Tables 1 1 A and 1 IB below. 
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Table 11A 



Run Conditions 


Catalyst 


Phosphoric Acid Treated ZSM-5, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV 34, H2/HC =0, T 500 °C 


Normal run 


Same as start-up 


Water in feed 


Started same time of HC feed 



Table 11B 



Time on Stream, hour 


2.1 


3.1 


4.1 


21.6 


Cat Bed Inlet Temp, °C 


507 


503 


503 


507 


Inlet Pressure nsij? 


20 


22 


24 


20 


LHSV a 


34 


34 


34 


34 


H2, mole/mole HC Feed 


0 


0 


0 


0 


H20, mole/mole HC Feed 


0.75 


0.75 


0.75 


0.75 


Product Distribution, wt% 










C5- 


1.30 


1.28 


1.30 


1.12 


Dimethylether 


0.19 


0.19 


0.20 


0.21 


Methanol 


2.43 


2.47 


2.67 


3.10 


Benzene 


0 


0 


0 


0 


Toluene 


76.52 


76.56 


76.93 


79.17 


EthylBenzene 


0 


0 


0 


0 


Para-Xylene (PX) 


17.19 


17.19 


16.63 


14.24 


Meta-Xylene (MX) 


0.90 


0.88 


0.86 


0.82 


Ortho-Xylene (OX) 


0.54 


0.53 


0.52 


0.54 


EthylToluene 


0.39 


0.38 


0.37 


0.33 


TrimethylBenzene 


0.55 


0.53 


0.52 


0.48 


C10+ 


0 


0 


0 


0 


Toluene Con v., mole% 


18.08 


18.03 


17.49 


15.16 


%PX in Total Xylenes 


92.27 


92.42 


92.39 


91.28 



a Based on toluene and methanol feed. 



[0057] As can be seen from the data above, the catalyst showed approximately 18% 
toluene conversion and greater than 90% selectivity for p-xylene at relatively high LHSV 
and at a temperature of approximately 500 °C. If these results are compared with the 
results from Example 10, the use of steam without H 2 cofeed showed the similar effect. 

Example 12 

[0058] A catalyst charge of 5.4 ml was loaded in the reactor. The catalyst was dried at 
200 °C under H2 flow for at least 1 hour prior to feed introduction. The reactor pressure 
was maintained at about 20 psig. Different start-up and run conditions were used in this 
example. At start-up, the toluene/methanol feed at a 2:1 mole ratio was introduced at a 
rate of about 3.06 ml/min giving an initial LHSV of about 34 hr" 1 . The initial cofeed H2 
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was used at a rate to give a H 2 /HC mole ratio of about 0.1. After approximately 2 hours, 
run conditions were started wherein the toluene/methanol feed was adjusted to provide a 
LHSV of about 2 hr" 1 with a H 2 /HC mole ratio of about 7-8. Water was introduced 
approximately 44 hours after start-up and its rate varied (see Table 12B). The reaction 
conditions and results are presented in Tables 12A and 12B below and in Figure 5. 



Table 12A 



Run Conditions 



Catalyst 


Ammonium Hydrogen Phosphate Treated ZSM-5, Non-Bound 


Feed 


2:1 ratio 


Start-up 


LHSV 34, H2/HC =0.1, T 500 °C 


Normal run 


LHSV 2, H2/HC 7-8, T = 500 °C 


Water in feed 


Started after 44 h, varied during the run 



Table 12B 



Time on Stream, hour 3.8 27.3 44.3 51.3 140.8 164.8 284.8 332.8 453.8 4833 5073 

Cat Bed Inlet Temp, °C 504 502 502 503 503 502 503 503 504 507 503 

Inlet Pressure, psig 19 22 22 20 19 20 21 23 20 23 20 

LHSV a 2.1 2.1 2.1 2.0 2.1 2.1 2.0 2.1 2.1 2.1 2.1 

H2, mole/mole HC Feed 0.11 7.56 7.92 7.96 7.89 7.89 8.04 7.97 7.85 7.84 7.96 

H20, mole/mole HC Feed 0 0 0 0.77 0.76 0.76 0.77 0.25 0.25 0.25 0.25 



Product Distribution, wt% 
C5- 

Dimethylether 

Methanol 

Benzene 

Toluene 

EthylBenzene 

Para-Xylene (PX) 

Meta-Xylene (MX) 

Ortho-Xylene (OX) 

EthylToluene 

TrimethylBenzene 

C10+ 

Toluene Conv., mole% 
%PX in Total Xylenes 



2.35 


1.78 


1.24 


1.67 


1.76 


1.85 


1.73 


1.25 


1.25 


0.99 


1.52 


4.60 


3.31 


3.05 


1.65 


1.81 


1.83 


1.44 


2.22 


2.88 


2.48 


3.73 


7.19 


6.30 


5.96 


5.16 


6.93 


634 


5.97 


7.13 


8.78 


7.24 


8.80 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


77.03 


79.85 


81.16 


80.31 


78.61 


78.62 


78.25 


79.15 


79.13 


80.96 


79.03 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


7.60 


7.00 


6.73 


9.27 


9.33 


9.75 


10.95 


8.50 


6.49 


6.64 


5.51 


0.33 


0.50 


0.54 


0.54 


0.43 


0.44 


0.48 


0.52 


0.44 


0.51 


0.43 


0.26 


0.44 


0.47 


0.47 


0.35 


037 


0.41 


0.44 


039 


0.45 


0.39 


0.19 


0.15 


0.15 


0.19 


0.17 


0.17 


0.20 


0.16 


0.11 


0.12 


0.09 


0.32 


0.56 


0.58 


0.61 


0.45 


0.47 


0.50 


0.53 


0.45 


0.52 


0.43 


0.13 


0.12 


0.12 


0.12 


0.17 


0.15 


0.08 


0.10 


0.08 


0.10 


0.08 


8.97 


8.60 


832 


10.70 


10.64 


11.05 


12.19 


10.02 


7.96 


8.11 


7.00 


92.73 


88.23 


86.95 


90.16 


92.29 


9234 


92.51 


89.87 


88.72 


87.47 


87.07 



"Based on toluene and methanol feed. 



[0059] Referring to Figure 5, the amount of water added as cofeed varied in segments 
labeled A-C wherein: 
A = no water 

B = about 0.8 mole H 2 0/mole HC feed 
C = about 0.25 mole H 2 0/mole HC feed 
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With no water in the feed, the initial toluene conversion and p-xylene selectivity were 
about 9% and 92%, respectively. After the LHSV and H 2 /HC were adjusted to run 
conditions, the toluene conversion and p-xylene selectivity gradually decreased. After 
water was added, the toluene conversion and p-xylene selectivity increased. A decrease 
in toluene conversion and p-xylene selectivity was observed when the amount of water 
was reduced to 0.25 mole of H2O per mole of HC feed. 

Spent Catalyst Analysis 

[0060] Spent catalyst was analyzed to determine if it was structurally changed due to 
dealumination that may have occurred as a result of water formed during the toluene 
methylation reaction or from added water with the feed during the toluene methylation 
reaction. Magic angle spinning (MAS) solid state NMR studies were performed with the 
following instrument conditions: 400 MHz spectrometer ( Al at 104.5 MHz), room 
temperature, silicon nitride rotors (Si3N4), 13 to 14 KHz sample spinning (about 800000 
rpm), 10 degree tip to avoid saturation and 4000-10000 scans signal averaging. No 
proton decoupling was employed during testing. All spectra were referenced to 
aluminum chloride hexahydrate (run separately in a tube) at 0.0 ppm on the chemical 
shift scale. This leads to an internal reference of 104.85 ppm on the aluminum nitride 
(small impurity in the silicon nitride rotors). 

[0061] The spent catalysts from Examples 4 and 12 were removed from the reactor 
after being used for more than 500 hours in the toluene methylation reaction using steam 
as cofeed. The catalysts were decoked by burning coke in air at 510 °C. The catalyst 
was then analyzed by magic angle spinning (MAS) solid state NMR spectroscopy for 
27 A1. 

[0062] Figure 6 shows the spectra of fresh and spent ammonium hydrogen phosphate 
(AHP) treated ZSM-5 catalysts from Example 12. The NMR spectrum of the fresh 
catalyst sample (spectrum a) shows structural tetrahedral aluminum peak in the 55-50 
ppm region and is severely distorted, indicating presence of nested silanols caused by 
holes in the structure upon removal of some of the framework aluminum. The adjacent 
peak at 30-40 ppm, severely distorted, but still in the framework, is due to aluminum 
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atoms likely either in the 3 or 5 coordination with oxygens. The biggest peak in the 
spectrum at -12 ppm is from octahedrally coordinated aluminum atoms. 
[0063] In the case of the spent catalyst (spectrum b), the framework aluminum 
resonance at 53 ppm is much better defined than the fresh sample indicating some 
annealing of the defect structures may have taken place. Such annealing happens if the 
nested silanols condense to form Si-O-Si structures, which release the stress in the 
framework. The non-framework octahedral aluminum resonance at -12 ppm is again 
now the most intense and well defined resonance in the spectrum indicating a significant 
rehydration has occurred. This phenomenon is observed if water is part of the reaction 
mechanism. It can thus be seen that no appreciable difference was observed in strength 
of peak assigned to structural aluminum (tetrahedral Al) for the fresh and the spent 
catalyst samples. 

[0064] Also, phosphoric acid (PA) treated ZSM-5 catalyst from Example 4 after 
removal from reactor was analyzed for Al NMR. As in the case of AHP treated 
catalyst, the spent PA-treated catalyst shows framework aluminum peak at 54 ppm 
(spectrum not shown). The 3- or 5-coordinated Al (broad resonance at 30-40 ppm) is 
significantly higher in intensity compared to the sample discussed above. There are 3 
different octahedral (six coordinated) non-frame work aluminum species seen at -1 1 ppm 
and -20 ppm. They all appeared to be hydrated to some extent (Al with different 
numbers of water molecules coordinating). 

[0065] From the MAS NMR spectroscopic study it is concluded that no appreciable 
difference was observed in strength of peak assigned to structural (tetrahedral Al) for the 
fresh and the spent catalyst samples. It is thus concluded that no structural aluminum loss 
from the zeolite occurred from the water formed during toluene methylation reaction or 
from added water with the feed. 

[0066] While the invention has been shown in only some of its forms, it should be 
apparent to those skilled in the art that it is not so limited, but is susceptible to various 
changes and modifications without departing from the scope of the invention. 
Accordingly, it is appropriate that the appended claims be construed broadly and in a 
manner consistent with the scope of the invention. 
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